Ixolaris is a two-Kunitz TFPI (tissue factor pathway inhibitor) from the tick salivary gland. In contrast with human TFPI, Ixolaris binds tightly to the zymogen FX (Factor X) and to dansyl-GluGly-Arg-chloromethyl ketone-treated FXa (DEGR-FXa; activesite-blocked FXa), indicating that exosites are involved in the FX(a)-Ixolaris interaction. Here we provide evidence that Ixolaris binds specifically to the FXa HBE (heparin-binding exosite), since (i) it markedly decreases the inhibition of FXa by the antithrombin-heparin but not the antithrombin-pentasaccharide complex, (ii) it impairs FXa binding to Sepharose-immobilized heparin, and (iii) it allosterically modulates the catalytic activity of FXa for small chromogenic substrates (S-2765). By using a series of recombinant FXa mutants in which the HBE is mutated, we have identified the importance of amino acids involved in the enzyme-inhibitor interaction as being in the following order:
INTRODUCTION
FXa (Factor Xa) is a vitamin K-dependent coagulation serine proteinase that, upon binding to its cofactor FVa on membrane surfaces in the presence of Ca 2+ ions, rapidly activates prothrombin to thrombin in the clotting cascade [1] [2] [3] [4] . The activation complex, called prothrombinase, activates prothrombin with a catalytic efficiency that is more than 10 5 -fold greater than that of FXa alone [1] [2] [3] [4] . FXa is composed of a light chain and a heavy chain that are held together by a disulphide bond. The light chain, consisting of an N-terminal Gla (γ -carboxyglutamic acid) residue and two epidermal growth factor-like domains, is involved in binding of FXa to the membrane and high-affinity binding of the proteinase to its protein cofactor [5] . The heavy chain of FXa contains the catalytic domain [6] .
The catalytic domains of the serine proteinases of coagulation are highly similar to each other as well as to that of trypsin [7] . Despite these similarities, coagulation proteinases act on their protein substrates with narrow and distinctive specificities [8] ; however, the molecular basis for the defined protein substrate specificity of coagulation enzyme complexes is not well understood. Although it is assumed that protein substrate specificity arises from specific binding interactions between the active site of the enzyme and distinctive amino acid residues surrounding the scissile bond, specific protein substrate recognition through extended macromolecular interaction sites (exosites) has been documented [9] [10] [11] . Exosite-dependent substrate recognition implies that extended surfaces on the enzyme complex, distinct from residues in the catalytic site, contribute to substrate affinity by favouring productive interactions between enzyme and substrate [9] [10] [11] . The existence of extended surfaces appears to be the rule rather than the exception for blood coagulation factors. In fact, structural and functional studies have characterized exosites in AT (antithrombin) [12] , thrombin [13] , FXa [14] , FIXa [15] , protein C [16] and the FVIIa-TF (tissue factor) complex [17] .
In the case of FXa, a series of mutagenesis and antibody inhibition studies has suggested a role for extended surface interactions between FXa and the FVIIa-TF complex [17, 18] . It is also known that another extended surface mediates the interaction of FXa with heparin and FVa. This domain, called the FXa HBE (heparin-binding exosite) [14] , is structurally similar to the wellstudied heparin-binding site of thrombin [19] , also known as TABE2 (thrombin anion binding exosite 2). TABE2 is located above the active-site pocket and contains 11 basic residues. Structural data indicate that seven basic residues of this region are conserved at the same or similar three-dimensional locations in FXa [20] . Site-directed mutagenesis studies have indicated that the basic residues Arg-93, Lys-96, Arg-125, Arg-165, Lys-169, Lys-236 and Arg-240 (chymotrypsin numbering system), which correspond to Arg-273, Lys-276, Arg-306, Arg-347, Lys-351, Lys-420 and Arg-424 respectively in FX numbering (mature peptide), constitute an exosite in the heavy chain of FXa, and that this region can bind heparin effectively [14] . Moreover, residues Arg-165 and Lys-169 seem to play a key role in FVa and/or prothrombin recognition by the enzyme in the prothrombinase complex [14] . Exosites also appear to participate in the interaction of FXa with inhibitors, including AT-heparin [21] , and at least in part with TFPI (TF pathway inhibitor) [22] .
In addition to AT and TFPI, specific blood coagulation inhibitors have been identified from exogenous sources, such as the salivary glands of blood-sucking insects [23] . Some of these inhibitors target coagulation factor exosites. Ixolaris, a 140-amino-acid protein from tick saliva that contains 10 cysteine residues and two Kunitz-like domains, inhibits the extrinsic tenase complex using Abbreviations used: AT, antithrombin; [F]-Ixolaris, Ixolaris labelled at the N-terminus by fluorescein; DAPA, dansylarginine N-(3-ethyl-1,5-pentanediyl) amide; FXa, Factor Xa; GDFXa, Gla-domainless FXa (i.e. FXa from which N-terminal residues 1-45 have been removed); Gla, γ-carboxyglutamic acid; HBE, heparin-binding exosite; PC, L-α-phosphatidylcholine; PEG, poly(ethylene glycol); PS, L-α-phosphatidylserine; TABE, thrombin-anion binding exosite; TF, tissue factor; TFPI, tissue factor pathway inhibitor. 1 To whom correspondence should be addressed: LMVR, NIAID, NIH, 12735 Twinbrook Parkway, Twinbrook III Bldg, Room 2E-28, Rockville, MD 20892-8132, U.S.A. (email ifrancischetti@niaid.nih.gov).
FX and FXa as scaffolds [24] . In contrast with TFPI [2] , Ixolaris does not bind to the active-site cleft of FXa. Instead, complex formation is mediated through an unidentified exosite in the proteinase. Accordingly, we have studied further the mechanism of the interaction of Ixolaris with FXa. Our results using functional assays and FXa mutants identify Ixolaris as the first inhibitor described to date that specifically targets the FXa HBE.
EXPERIMENTAL

Proteins and chemicals
Recombinant Ixolaris was produced in High Five cells (Invitrogen, San Diego, CA, U.S.A.), purified and quantified as described previously [24] . Recombinant GDFXa (Gla-domainless FXa, i.e. FXa from which N-terminal residues 1-45 have been removed) forms (wild type and mutants R93A, K96A, R125A, R165A, K169A, K236A and R240A) were expressed and purified as described elsewhere [14] . AT was a gift from Dr Paulo A. Mourão (Federal University of Rio de Janeiro General Hospital-HUCFF/UFRJ). Human prothrombin and thrombin were purified from frozen human plasma following previously described procedures [25, 26] . Protein concentration was estimated using the molar absorption coefficients (A PC (L-α-phosphatidylcholine) and PS (L-α-phosphatidylserine) were from Sigma Chemical Co. (St. Louis, MO, U.S.A.). Phospholipid vesicles composed of 75 % (w/w) PC and 25 % (w/w) PS were prepared by sonication. Briefly, phospholipids in chloroform were dried with a stream of N 2 , resuspended in 50 mM Tris/HCl, 150 mM NaCl, pH 7.5, and sonicated for 2 min. The solution was adjusted further to 500 µM (final concentration).
Gel filtration
Gel filtration chromatography was performed using a Superdex G-75 HR column (Pharmacia, Uppsala, Sweden) attached to a Shimadzu HPLC system. The column was equilibrated with 50 mM Tris/HCl, 150 mM NaCl, pH 7.5, at a flow rate of 0. 
Amidolytic activity of FXa
Amidolytic activity was measured by hydrolysis of the synthetic substrate S-2765 in 50 mM Tris/HCl, 150 mM NaCl, 10 mM CaCl 2 and 0.1 % PEG [poly(ethylene glycol)] 6000, pH 7.5. FXa (1 nM final concentration) or GDFXa forms (0.3 nM final concentration) were incubated with various Ixolaris concentrations for 15 min at 37
• C, and the reaction was initiated by the addition of S-2765 (200 µM final concentration). Substrate hydrolysis was detected using a Thermomax Microplate Reader (Molecular Devices, Menlo Park, CA, U.S.A.) equipped with a microplate mixer and heating system as described [27] . Reactions were recorded continuously at 405 nm for 10 min at 37
• C. The total volume of the reactions was 100 µl. The apparent dissociation constants (K d ) were determined from the saturable Ixolarisdependent increase in the amidolytic activities of FXa derivatives using the quadratic eqn (1) as described [28] :
where K d is the apparent dissociation constant for the enzymeligand (Ixolaris) complex, V s is the steady-state velocity in the presence of Ixolaris, V o is the control velocity, L is the total Ixolaris concentration, and E is the total FXa concentration.
Binding to heparin-Sepharose FXa (7.5 µg) was incubated for 2 min in the absence or presence of Ixolaris (3 µg) in 20 mM Tris/HCl (pH 7.5) buffer containing 5 mM CaCl 2 and 0.1 % PEG 6000, and then applied on a 1 ml HiTrap heparin-Sepharose (Amersham Pharmacia Biotech, Piscataway, NJ, U.S.A.) FPLC column pre-equilibrated with the same buffer. The column was washed with 5 ml of this buffer followed by elution with a 30 ml gradient of 0-1.0 M NaCl. Fractions (1 ml) were collected and their activity towards S-2765 was determined.
Inactivation by AT
The ability of Ixolaris to alter the inhibitory effect of the ATheparin complex on FXa or α-thrombin, as well as that of the AT-pentasaccharide complex on FXa, was evaluated as follows.
Various amounts of unfractionated heparin or pentasaccharide in 50 mM Tris/HCl, 150 mM NaCl, 10 mM CaCl 2 and 0.1 % PEG 6000, pH 7.5, were incubated for 10 min at 37
• C with AT (20 nM) plus FXa (0.5 nM) or α-thrombin (0.5 nM) in the presence or absence of Ixolaris. Residual FXa or thrombin activities were determined by the addition of S-2765 or S-2238 (200 µM) respectively, and substrate hydrolysis was detected using a Thermomax Microplate Reader. Reactions were recorded continuously at 405 nm for 10 min at 37
• C. The total volume of the reactions was 100 µl.
Prothrombin activation by FXa
Activation of prothrombin to thrombin by FXa was performed in 50 mM Tris/HCl, 150 mM NaCl, 10 mM CaCl 2 and 0.1 % PEG 6000, pH 7.5, using a discontinuous assay as described [29] . FXa (10 nM final concentration) was incubated with different Ixolaris concentrations for 15 min at 37
• C. The reaction was started by the addition of human prothrombin (1 µM final concentration), and aliquots of 25 µl were removed every 10 min into microplate wells containing 25 µl of 50 mM Tris/HCl, 150 mM NaCl, 50 mM EDTA and 0.1 % PEG 6000, pH 7.5. After addition of 50 µl of 200 µM S-2238, absorbance at 405 nm was recorded at 37
• C for 10 min at 6 s intervals using a Thermomax Microplate Reader (Molecular Devices). Velocities (milli-absorbance units/min) obtained in the first few minutes of reaction were used to calculate the amount of thrombin formed using a standard curve.
Experiments in the presence of FVa were performed as follows. FXa (1 nM final concentration) was incubated in the presence of FVa (50 nM final concentration) and different Ixolaris concentrations for 15 min at 37
• C. The reaction was started by addition of human prothrombin (1 µM final concentration), and aliquots of 10 µl were removed every 1 min into microplate wells containing 40 µl of 50 mM Tris/HCl, 150 mM NaCl, 50 mM EDTA and 0.1 % PEG 6000, pH 7.5. The amount of thrombin formed was determined as described above.
Experiments in the presence of phospholipids were conducted as follows. FXa (10 pM final concentration) was incubated with different Ixolaris concentrations in the presence of FVa (1 nM final concentration) and PC/PS vesicles (10 µM) for 15 min at 37
• C. The reaction was started by the addition of human prothrombin (1 µM final concentration). Then aliquots of 5 µl were removed every 20 s into microplate wells containing 45 µl of 50 mM Tris/HCl, 150 mM NaCl, 50 mM EDTA and 0.1 % PEG 6000, pH 7.5. The amount of thrombin formed was determined as described above.
Prothrombin activation as monitored by SDS/PAGE
Activation of purified human prothrombin by the prothrombinase complex was monitored by SDS/PAGE as follows. Assay medium (50 mM Tris/HCl, 100 mM NaCl, 10 mM CaCl 2 , 0.1% PEG 6000, pH 7.5) containing FXa (1 nM final concentration), FVa (3 nM final concentration) and 30 µM PC/PS vesicles was incubated in the absence (control) or presence of Ixolaris (40 nM final concentration) for 15 min at room temperature. The reaction was started by the addition of prothrombin (1.4 µM final concentration), giving a total volume of 500 µl. To reduce the formation of cleavage products by thrombin, reactions were carried out in the presence of 6 µM DAPA [dansylarginine N-(3-ethyl-1,5-pentanediyl) amide]. Samples (50 µl) were taken at various times, the reaction was stopped with 15 mM EDTA and 5 µM D-PhePro-Arg-chloromethyl ketone (20 µl) , and the samples were subjected to SDS/PAGE (12 % acrylamide) under non-reducing conditions and gels were stained with Coomassie Blue.
RESULTS
Complex formation between Ixolaris and FXa
Binding of Ixolaris to human FXa was examined first by Superdex G-75 gel filtration, using [F]-Ixolaris to monitor elution. In a typical experiment, the retention time of [F]-Ixolaris was ∼ 24.2 min (15.5 kDa) ( Figure 1A , solid line), and that of FXa was ∼ 21.7 min (46 kDa) (results not shown). When Ixolaris and FXa were incubated in stoichiometric proportions and loaded into the column, a peak at ∼ 19.4 min was obtained ( Figure 1A , broken line). These results were consistent with formation of a 1:1 complex of ∼ 60 kDa between [F]-Ixolaris (15.5 kDa) and FXa (46 kDa). Ixolaris behaves as a tight-and-fast-binding ligand of FXa without inhibiting the proteinase catalytic site [24] . On the other hand, Figure 1(B) shows that Ixolaris bound FXa tightly with an apparent K d of 520 + − 18 pM that led to an increase in chromogenic substrate hydrolysis.
Ixolaris interacts with the HBE of FXa
Kinetic data strongly suggest that full-length heparin may effectively support the interaction between FXa and AT through a template mechanism [30] . This phenomenon occurs at physiological levels of calcium and is modulated by specific residues that form the FXa HBE [14] . Therefore we tested the ability of Ixolaris to interfere with inactivation of FXa by the AT-heparin complex. Figure 2(A) shows that increasing the concentration of heparin enhanced the inhibitory effect of AT on FXa, with complete inhibition observed above 1 µg/ml heparin; however, in the presence of Ixolaris, inhibition of FXa by the AT-heparin complex was only 20 % at 1 µg/ml and 40 % at 100 µg/ml heparin. Accordingly, Ixolaris decreased the inactivation of FXa by the AT-heparin complex (1 µg/ml) in a dose-dependent fashion, suggesting that Ixolaris and heparin compete for the same binding site on FXa ( Figure 2B ). Figure 2(C) shows that the effect of the inhibitor is specific for FXa, as thrombin inhibition by ATheparin occurred to the same extent regardless of the presence of Ixolaris. Unlike AT-heparin, the mechanism of inhibition of FXa by the AT-pentasaccharide complex is independent of FXa HBE [31] . Thus, as expected, the presence of Ixolaris had only a minor effect on the pentasaccharide-accelerated reaction of AT with FXa ( Figure 2D) .
Finally, the ability of Ixolaris to compete with heparin for binding to FXa was documented further by affinity chromatography using a heparin-Sepharose column. FXa showed a high affinity for the resin and could be recovered by a linear gradient of NaCl, with a major peak eluted at ∼ 0.4 M NaCl (Figure 3, solid  line) . In contrast, FXa incubated with a 1.2-fold molar excess of Ixolaris was mostly eluted before the NaCl gradient started, 
Figure 3 Impairment by Ixolaris of the interaction of FXa with immobilized heparin
Affinity chromatography on heparin-Sepharose was performed at a flow rate of 1 ml/min using 20 mM Tris/HCl, 5 mM CaCl 2 and 0.1 % PEG 6000, pH 7.5, as buffer. Elution of FXa (7.5 µg) in the absence (solid line) or presence (broken line) of Ixolaris (3 µg) was monitored by measuring the hydrolysis of S-2765.
indicating that interaction of the enzyme with heparin was markedly impaired (Figure 3 , broken line).
Ixolaris interacts with basic residues that comprise the FXa HBE
Studies using site-directed mutagenesis showed that seven basic residues in the heavy chain of FXa constitute the HBE of the enzyme, known to bind to heparin [14, 30] . We used GDFXa mutants and chromogenic substrate hydrolysis to estimate the relative importance of the residues of the HBE for the Ixolaris-FXa inter- 
Effect of Ixolaris on prothrombin activation
Mutagenesis experiments have identified several basic residues in the FXa HBE that are critical for substrate recognition by the prothrombinase complex [14] . Therefore we initially attempted to determine whether Ixolaris affects the ability of FXa to convert prothrombin into thrombin in the absence of phospholipids and cofactors [32] . 
DISCUSSION
The occurrence of functional exosites is a common feature in blood-clotting serine proteinases. A conserved HBE has been demonstrated in thrombin [19] , FXa [14] , FIXa [15] and protein C
Figure 4 Effect of Ixolaris on prothrombin activation by Fxa
(A) Activation of prothrombin (1 µM) by FXa (10 nM) was assayed with a discontinuous chromogenic assay using the thrombin substrate S-2238 (200 µM) as described in the Experimental section. Zymogen activation reactions were carried out at the indicated concentrations of Ixolaris in 50 mM Tris/HCl, 150 mM NaCl, 10 mM CaCl 2 and 0.1 % PEG 6000, pH 7.5. (B) Prothrombin (1 µM) activation by FXa (1 nM) in the presence of FVa (50 nM) was assayed as described above at the indicated concentrations of Ixolaris. (C) Prothrombin (1 µM) activation by FXa (10 pM) in the presence of FVa (1 nM) and 10 µM PC/PS vesicles (prothrombinase complex) was assayed at the indicated concentrations of Ixolaris as described in the Experimental section. In (A)-(C), thrombin (Th) formation was calculated using a standard curve. (D) Time course of prothrombin (1.4 µM) activation by FXa (1 nM) in the presence of FVa (3 nM) and PC/PS vesicles (30 µM). Reactions were performed in 50 mM Tris/HCl, 10 mM CaCl 2 , 100 mM NaCl and 0.1 % PEG 6000, pH 7.4, containing 6 µM DAPA in the absence (control) or presence of 40 nM Ixolaris. Samples were further subjected to SDS/PAGE (12 % acrylamide) under non-reducing conditions and gels were stained with Coomassie Blue. [16] . These extended surfaces play critical roles in the formation of complexes between proteinases and their substrates, cofactors and inhibitors [9] [10] [11] . Exogenous sources such as salivary glands from blood-sucking insects and snake venoms are rich sources of exosite inhibitors, and the mechanisms of action of some of these molecules have been characterized in detail [23] . For instance, triabin from the bug Triatoma pallidipenis interacts with TABE1 [33] , haemadin from the leech Haemadipsa sylvestris binds specifically to TABE2 [34] , and bothrojaracin from Bothrops jararaca snake venom recognizes both exosites of thrombin [35] .
In the present paper, we have shown that Ixolaris from tick salivary gland is a specific ligand for the FXa HBE. Upon complex formation, Ixolaris induces changes in the catalytic groove of FXa, as shown by increased hydrolysis of synthetic substrates. Therefore Ixolaris binds to a site remote from the FXa catalytic site, i.e. the FXa HBE. This region consists of seven basic surface residues and has been shown to mediate the interaction of FXa with heparin [14, 20, 36, 37] . Consistent with its interaction with the FXa HBE, Ixolaris markedly decreases heparin-catalysed inhibition by AT and also impairs the binding of FXa to immobilized heparin. The effects of Ixolaris appear to be specific to the FXa HBE. In fact, Ixolaris did not affect the inhibition of thrombin by AT-heparin or the inactivation of FXa by the AT-pentasaccharide complex, a reaction that does not involve the FXa HBE [30] . The contention that Ixolaris interacts with the FXa HBE was confirmed using a series of exosite mutants for FXa ( Table 1 ). The importance of the basic residues involved in inhibitor-enzyme recognition was in the order: Arg-93 » Arg-165 Lys-169 > Lys-236 > Lys-96 > Arg-240 > Arg-125. These amino acids overlap in part with residues important for the FXa-heparin interaction [14] . Accordingly, direct heparin binding and kinetic data have suggested that two basic residues, Lys-236 and Arg-240, located on the C-terminal-helix make the greatest contribution to the binding of FXa to heparin, but are not the most critical for FXaIxolaris recognition. On the other hand, Arg-93, shown herein to be essential for the FXa-Ixolaris interaction, makes the least contribution in FXa heparin binding.
With regard to the roles of specific residues of the FXa HBE in the assembly of the prothrombinase complex, most mutants have inhibitory effects [14] , further emphasizing the importance of this domain in the process [9, 11, 14, 37] . However, the mutant R93A is the only one that activated prethrombin-2 at lower rates than Figure 4C ): Ixolaris binding to the FXa HBE impairs the recognition of prothrombin, resulting in a non-productive prothrombinase complex. In vivo, inhibitory concentrations of Ixolaris may be reached only in the feeding cavity, a collection of blood produced after tick attachment and where salivary proteins are released and concentrated [29] . Otherwise, prothrombinase may be resistant to inhibition by Ixolaris in the presence of physiological concentrations of its substrate prothrombin, as described for TFPI (see Discussion and [38] ).
wild-type FXa in the absence of FVa, PC/PS and Ca 2+ [14] . Therefore Arg-93 appears to be critical for the direct interaction of prothrombin with FXa. Notably, interaction of Ixolaris with FXa in which Arg-93 is mutated was by far the most severely impaired among all mutants tested. This indicates that Arg-93 is critical in the recognition of the HBE by the inhibitor, and is consistent with the finding that Ixolaris effectively inhibits prothrombin activation by FXa in the absence of PC/PS and FVa ( Figure 4A ). Other amino acids may also participate in FXa-Ixolaris interactions. In fact, FXa mutants in which Arg-165 or Lys-169 was mutated also displayed lowered affinities for Ixolaris, and thus these residues are also important for the productive recognition of the assembled complex [14] . Figure 4 (A) also suggests a secondary interaction of FXa with prothrombin, since FXa should be saturated with low concentrations of Ixolaris, and insignificant amounts of enzyme-substrate complex should be formed under these conditions. Finally, it has been reported that when the prothrombinase is assembled, FVa exposes a site on FXa that is recognized by prothrombin [36] , and we cannot exclude at present the possibility that Ixolaris might also interact with these conformational sites. As far as the inhibitor is concerned, Ixolaris has a number of anionic amino acids (Asp-95, Glu-102, Glu-117, Glu-119, Glu-120, Glu-121 and Glu-124) in its second Kunitz domain that are atypical, with two disulphide bridges, and appear to have evolved to interact with sites other than the catalytic domain [24] . We speculate that these acidic residues may contribute to Ixolaris-FXa HBE interactions.
Taken together, we suggest that inhibition of the HBE-mediated interaction of FXa with prothrombin by appropriate concentrations of Ixolaris destabilizes some of the forces involved in the formation of a productive prothrombinase complex in vitro. Of note, Figure 4 also shows that the effect of Ixolaris is less prominent when the prothrombinase is fully assembled. In fact, the ratio of the Ixolaris concentration producing 50 % inhibition to the FXa concentration increases from ∼ 3-to ∼ 1000-fold when the prothrombinase is partially ( Figure 4B ) or fully ( Figure 4C ) assembled respectively. This suggests that the prothrombinase is protected from inactivation by low concentrations of Ixolaris. It is plausible that this is because of competition between prothrombin and Ixolaris for additional prothrombinase binding sites in addition to the HBE of FXa, e.g. sites involving FVa or phospholipids, or a distant site on the FXa molecule that is induced when FXa is bound within the prothrombinase complex [36, 38] . This finding has also been demonstrated for other inhibitors, such as heparin-AT [21] and TFPI at physiological plasma concentrations [38] . As far as tick biology is concerned, one can speculate that Ixolaris may reach appropriate concentrations to inhibit the prothrombinase in the so-called feeding cavity, a collection of blood where the salivary secretions are released and concentrated during tick attachment, an event than can last for days [23] . Finally, it remains to be demonstrated whether Ixolaris also affects the direct interaction of FXa with FVa. It appears, however, that Ixolaris does not bind FVa, at least as a tight ligand. In fact, incubation of Ixolaris with FXa and PC/PS vesicles in the presence of a 10-fold excess of FVa does not affect the increase in the catalytic activity of FXa (towards S-2765) produced by Ixolaris (results not shown).
The observation that basic residues in different regions of FXa are involved in binding of Ixolaris is consistent with previous studies using synthetic peptides derived from selected regions of FXa and its effects on the prothrombinase complex [37] . In that study, peptide 267-283 [contains Arg-93 (chymotrypsin numbering system; equivalent to Arg-273 in FX; see Introduction)] was the most potent inhibitor, followed by peptide 417-431 (contains Lys-236) and peptide 344-362 (contains Arg-165 and Lys-169). Additional functional information on the FXa exosite comes from antibodies raised to this region that effectively block prothrombinase [10] , and from NAPc2, a hookworm-derived TFPI that interacts with the C-terminus of FXa [39] . These various lines of evidence together support the hypothesis that regions remote from the catalytic site of FXa play a dominant role in the interaction of the enzyme with Ixolaris and in productive prothrombinase assembly. Ixolaris may be regarded as a useful tool with which to study FXa HBE.
